Nitric oxide, a signaling molecule, inhibits mitochondrial respiration by binding with cytochrome c oxidase, resulting in elevated production of reactive superoxide species (reactive oxygen and nitrogen) in the mitochondria and increased susceptibility to cell death. Generation of mitochondrial superoxide species can be suppressed by natural compounds such as resveratrol, a dietary polyphenol found in the skin of red fruits. In various cancer cells, resveratrol shows antioxidant and cancer preventive properties. Since, the effect of resveratrol on reactive superoxide species-independent apoptosis in prostate cancer cells is not well illustrated; therefore, we investigated this phenomenon in TRAMP murine prostate cancer cells. To accomplish this, TRAMP cells were incubated with resveratrol, resveratrol + DETA-NONOate, DETA-NONOate (nitric oxide donor), resveratrol + L-NMMA, or L-NMMA (nitric oxide inhibitor) for 48 h, and reactive superoxide species in the mitochondria and culture supernatant were measured. In addition, the mitochondrial membrane potential, cell viability, expression of apoptotic markers (Bax and Bcl2), γ-H2A.x, p53, and caspase-3 was determined. We found that resveratrol suppressed reactive superoxide species such as reactive oxygen species in the mitochondria and nitric oxide in culture supernatant when compared to the DETA-NONOate treatment and disrupted the mitochondrial membrane potential. Resveratrol also reduced cell viability, altered the expression of apoptotic markers (Bax and Bcl2), and increased expression of γ-H2A.x (indicative marker of DNA fragmentation) and p53 (a critical DNA damage response protein). However, there was no appreciable modulation of the caspase-3. Therefore, our data suggest that resveratrol induces superoxide species-independent apoptosis and may act as a therapeutic agent against prostate cancer.
Introduction
Prostate cancer is the most common cancer in American men and is one of the leading causes of cancer-related deaths among men of all races (second leading cause of cancer death among White, Black, and Hispanic men). 1 Prostate cancer, like many other cancers, poses a unique problem to affected populations and there is an increasing need for alternative treatment therapies due to the ineffectiveness and toxic side effects of traditional methods. In recent years, there has been a noticeable shift in the thinking of physicians and researchers alike from the use of synthetic/chemical treatments to more natural remedies. Recent findings suggest that the use of dietary compounds could be an alternate strategy to control prostate cancer progression. 2, 3 In this study, we investigated the prolonged effects of resveratrol (RES) on reactive superoxide species. RES is a naturally occurring polyphenol found in the skin of red fruits, including grapes. The most abundant source of RES is thought to be Polygonum cuspidatum (Japanese knotweed), a plant used to treat inflammation and other ailments. 4 RES also demonstrated healing properties, and, in cell cultures and in animals, it has anti-oxidant and anti-cancer effects. 4, 5 In organ cultures of mouse mammary glands, RES inhibits the formation of preneoplastic lesions and, in human hepatoma cells, induces the expression of messenger RNA (mRNA) of CYP1A1 (a gene encoding a member of the cytochrome P450 superfamily of enzymes) and CYP1A1 activity by preventing interactions between CYP1A1 and the aryl hydrocarbon receptor. 5, 6 In monocyte endothelial cells, RES reduces proliferation by modulating the activation of protein kinases C and D. [7] [8] [9] [10] Furthermore, in MCF-7 (Michigan Cancer Foundation-7) cells, RES induces apoptosis by suppressing activation of nuclear factor kappa B (NF-κB) and activator protein-1 (AP1). 11 In addition, RES blocks the development of adenomas in the small intestine of mice and contributes to the formation of cryptic foci in rat colon. 12, 13 These preclinical results indicate that RES can have favorable effects on public health. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Clinical trials have been undertaken to assess the use of RES as a cancer preventive and therapeutic agent. 14, [25] [26] [27] Apoptosis is a natural process of cell/tissue remodeling, replacement and organ size control, process that remove damaged and infected cells. 20, 21, 28, 29 During apoptosis membrane blebbing, chromatin condensation, DNA fragmentation, formation of apoptotic bodies, and activation of caspases can be observed. [30] [31] [32] [33] [34] [35] Mitochondrial dysfunction is involved in caspase activation, [36] [37] [38] and proteins of the Bcl2 family (Bax and Bcl2) that are localized in the mitochondria suggest their role in the regulation of mitochondria-mediated apoptosis. [30] [31] [32] [33] [34] [35] Furthermore, nitric oxide (NO), a potent signaling molecule contributes to mitochondrial dysfunction by inhibiting cytochrome c oxidase, resulting in overproduction of reactive superoxide species. 39, 40 Overproduction of these species in the mitochondria increases susceptibility to cell death. 39, 40 However, RES suppresses production of reactive superoxide species 41, 42 and prevents the expression of NO synthase, a process that blocks tumor growth and migration. It also acts as an anti-oxidant and can prevent tumor formation. 4, 43, 44 Previous report from our lab suggested that TRAMP cells incubated with 100 µM of RES for 16 h showed mitochondria-mediated caspase-independent apoptosis. 45 However, the long-term effect of RES in relation to the modulation of superoxide species when cells remain in stress due to high reactive superoxide species is not well illustrated. Thus, in this investigation, we hypothesized that how RES induces superoxide speciesindependent apoptosis in TRAMP cells. To test this, we aimed to determine whether prolonged exposure of RES induces reactive superoxide species-independent apoptosis in murine prostate cancer cells. Our findings demonstrated that RES suppressed reactive superoxide species such as reactive oxygen species (ROS) in the mitochondria and NO in culture supernatant when compared to DETA-NONOate treatment and disrupted mitochondrial membrane potential (Δψm). RES also reduced cell viability, altered the expression of apoptotic markers (Bax and Bcl2), and increased expression of γ-H2A.x (indicative marker of DNA fragmentation) and p53 (a critical DNA damage response protein). However, there was no appreciable modulation of the caspase-3.
Materials and methods

Reagents
Dulbecco's Modified Eagle's Medium (DMEM) was obtained from Gibco, Life Technologies (NY, USA), and fetal bovine serum (FBS) was purchased from HyClone Laboratories (CA, USA). RES was purchased from ACROS ORGANICS (NJ, USA). DETA-NONOate (NO donor) and NG-monomethyl-L-arginine acetate (L-NMMA) were obtained from Cayman Chemical (MI, USA). 5,5′,6,6′-Tetrachoro-1,1′,3,3′-tetraethybenzimidazolylcarb ocyanine iodide (JC-1) was obtained from AnaSpec (CA, USA). MitoSox (a mitochondrial ROS stain), Bax, Bcl2, p53, caspase-3 antibodies, trypan blue, trypsin, bovine insulin, penicillin/streptomycin, Dulbecco's phosphatebuffered saline (DPBS), and dehydroisoandrosterone were purchased from Thermo Fisher Scientific (MA, USA). Protein ladder and nitrocellulose membranes were obtained from Bio-Rad (CA, USA). The γ-H2A.x antibody was purchased from Cell Signaling Technology (MA, USA). Griess reagent was purchased from Promega (WI, USA).
Cell culture
The Biosafety Committee of Alabama State University (ASU) approved all experiments with TRAMP cells, which were obtained from the American Type Culture Collection (ATCC, VA, USA). TRAMP cells were maintained in DMEM, and supplemented with 10% (v/v) FBS, 0.005 mg/mL bovine insulin, 10 nM dehydroisoandrosterone, and 1% antibiotics/antimycotics at 37°C under 5% CO 2 . Cells were passaged every 3-4 days when they reached 70%-80% confluency, and after trypsinization, the cells were used for experiments. Before the cells were used in experiments, the cell viability was determined by trypan blue exclusion method.
Estimation of reactive superoxide species
ROS in the mitochondria of TRAMP-C1 and TRAMP-C3 cells was accomplished by using MitoSox stain (1:500 dilution) after exposure of cells (1 × 10 5 ) to RES (50 µM), with or without DETA-NONOate (750 µM) and L-NMMA, for 48 h under 5% CO 2 at 37°C. After incubation, the cells were harvested by trypsinization (0.25%), washed, and stained for mitochondrial ROS at 37°C for 10 min as recommended. 46 After staining, the cells were washed and observed under a flow cytometer (NOVOCyte; ACEA Biosciences, CA, USA).
In a separate experiment, NO level in culture supernatants was measured by Griess reagent (Promega). Briefly, 50 µL of culture supernatant was added to each well of a 96-well plate with appropriate standard bovine serum albumin (BSA). A volume of 50 µL of sulfonamide solution was added to each well, and the plates were incubated for 10 min at room temperature. Thereafter, 50 µL of N-1napthalenediamine dihydrochloride solution was added, and absorbance was read at 570 nm with a microplate reader (ChroMate, FL, USA).
Assessment of Δψm
To measure the Δψm, TRAMP cells (1 × 10 5 ) were exposed to RES (50 µM), with or without DETA-NONOate (750 µM) and L-NMMA, for 48 h under 5% CO 2 at 37°C. Cells were then stained with JC-1 cationic dye for 10 min at 37°C, washed with DPBS, and analyzed by flow cytometry. The JC-1 dye enters into the cells and, in its multimeric form, fluoresces red within healthy mitochondria. In contrast, for cells with disrupted Δψm, JC-1, in its monomeric form, remains in the cytoplasm and produces a green fluorescence.
Assessment of Bax and Bcl2 expression
Total protein was extracted using radioimmunoprecipitation assay (RIPA) buffer from TRAMP-C1 and TRAMP-C3 cells; protein concentration was estimated by Bradford assay; and estimated proteins were run on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 30-40 µg/lane) using a 1:1 ratio of the sampleloading buffer at 70V for 2-3 h. The proteins were transferred onto nitrocellulose membrane and blocked with 5% skimmed milk in Tris-buffered saline (TBS) containing 0.1% Tween 20 (T 20 ) for 30 min at room temperature. The membranes were then incubated with monoclonal antibodies against murine Bax, p53, and Bcl2 (Bax: 1:100, p53: 1:50, and Bcl2: 1 µg/mL) for overnight at 4°C. Furthermore, membranes were incubated with goat antimouse antibody (Goat anti-mouse; 1:1000), and protein bands were detected by the chemiluminescence liquid substrate system (Bio-Rad). Microphotographs were captured by gel documentation system (Bio-Rad), and densitometric analyses were performed with Quantity One 1-D analysis software (Bio-Rad). For densitometry, protein bands were marked with a square and density values in INT/mm 2 were used for further analysis. Densitometry data show an average of three independent western blots.
Assessment of apoptosis
To access the number of apoptotic cells, annexin V-fluorescein isothiocyanate (FITC)-propidium iodide (PI) staining was carried out. FITC-annexin V is a sensitive probe for identifying apoptotic cells (early apoptotic: FITC + , late apoptotic cells: FITC + /PI + ); however, PI + cells were considered as dead. To accomplished this, cells (1 × 10 5 ) were exposed to RES (50 µM), RES + DETA-NONOate (750 µM), DETA-NONOate, RES + L-NMMA (750 µM), or L-NMMA for 48 h under 5% CO 2 at 37°C. Cells were harvested and incubated with annexin V-FITC-PI for 15 min at room temperature. Cells were washed and analyzed by a flow cytometer.
Assessment of caspase-3 expression
Caspase-3 expression was examined in TRAMP-C1 and TRAMP-C3 cells. For caspase-3 expression, TRAMP cells (1 × 10 5 cells/mL) were exposed to RES (50 µM), with or without DETA-NONOate (750 µM) and L-NMMA, for 48 h under 5% CO 2 at 37°C. Cells were then harvested and lysed in RIPA buffer. Estimated protein (by Bradford assay) was resolved on 10% SDS-PAGE. Proteins were transferred to nitrocellulose membranes. Membranes were blocked with 5% skimmed milk (freshly prepared in TBS-T 20 ) and incubated with the anti-caspase-3 antibody (2 µg/ mL) for 1 h at room temperature. After primary antibody incubation, membranes were hybridized with secondary antibody (horse anti-mouse: 1:2000). Caspase-3 expression was determined by using a chemiluminescent liquid substrate system (Millipore Sigma, MA, USA).
DNA fragmentation analysis
To assess DNA fragmentation, γ-H2A.x expression was measured by Western blot analyses. Cells were exposed to RES in the presence or absence of DETA-NONOate or L-NMMA. After incubation, the cells were lysed in RIPA buffer at 4°C, and estimated concentration of total proteins was run on 10% SDS-PAGE. The protein complexes were transferred onto nitrocellulose membranes and incubated with mouse anti-γ-H2A.x (1:1000) and internal control β-actin (1:2000) antibodies, followed by secondary antibody (1:2000) incubation (goat anti-rabbit and horse antimouse). The expression of γ-H2A.x was detected using a chemiluminescent liquid substrate system (Millipore Sigma, MA, USA).
Statistical analyses
The results represent at least three independent experiments, and numerical data are presented as mean ± standard error of the mean (SEM). Data were analyzed with Sigma plot version 12. Statistical significance was evaluated with analysis of variance (ANOVA), followed by a Bonferroni post hoc test. Data were considered significant when p < 0.05.
Results
RES suppresses reactive superoxide species
To assess the effect of RES on the reactive superoxide species such as ROS in the mitochondria, MitoSox staining of TRAMP-C3 and TRAMP-C1 cells was accomplished. In TRAMP (TRAMP-C1 and TRAMP-C3) cells, RES, in the presence and/or absence of DETA-NONOate or L-NMMA, suppressed ROS in the mitochondria relative to the DETA-NONOate treatment (Figure 1(a) ). Furthermore, mitochondrial ROS was suppressed by RES in TRAMP-C1 and TRAMP-C3 cells; however, more effectively in TRAMP-C1 than in TRAMP-C3 (Figure 1(a) ). Incubated with L-NMMA, TRAMP-C1 cells, but not TRAMP-C3 cells, showed a decrease in mitochondrial ROS ( Figure  1(a) ). TRAMP-C1 cells exposed to RES, RES + L-NMMA, and L-NMMA had lower levels of ROS than TRAMP-C3 cells (Figure 1(a) ). Interestingly, RES treatment showed low mitochondrial ROS in TRAMP (TRAMP-C1 and TRAMP-C3) cells when compared to the RES + DETA-NONOate and DETA-NONOate treatment (Figure 1(a) ).
In the culture supernatants, there was higher level of NO for TRAMP-C1 and TRAMP-C3 cells when exposed to RES + DETA-NONOate or DETA-NONOate ( Figure  1(b) ). RES treatment with DETA-NONOate exhibited lower level of NO in the culture supernatant of TRAMP (TRAMP-C1 and TRAMP-C3) cells relative to DETA-NONOate treated cells (Figure 1(b) ). In TRAMP-C1 and TRAMP-C3 cells, RES treatment, with or without L-NMMA, resulted in basal level production of NO (Figure 1(b) ). In addition, TRAMP-C3 cells incubated with RES + DETA-NONOate or DETA-NONOate demonstrated low level of NO in the culture supernatant than TRAMP-C1. These findings suggest that RES can suppress reactive superoxide species such as ROS in the mitochondria and NO in culture supernatant.
RES treatment modulates the Δψm
RES treatment, with or without DETA-NONOate or L-NMMA, disrupted Δψm compared to the control cells (Figure 2(a) and (b) ). TRAMP-C3 cells showed more disrupted Δψm as compared to TRAMP-C1 cells when treated with RES, RES + DETA-NONOate, DETA-NONOate, and RES + L-NMMA. Furthermore, results revealed that cells incubated with RES + DETA-NONOate and DETA-NONOate showed higher number of TRAMP-C3 cells with disrupted Δψm than other experimental groups (Figure 2(b) ). In addition, in TRAMP-C3 cells, RES + DETA-NONOate treatment results in less number of cells with disrupted Δψm than DETA-NONOate treatment. L-NMMA did not show a significant difference between treated and control cells. Data suggest that TRAMP-C3 cells are more sensitive to disrupted Δψm compared to the TRAMP-C1 cells. production in culture supernatant was examined using Griess Reagent colorimetric assay. We found that DETA-NONOate treated cells showed high level of NO in culture supernatant when compared to the RES treatment. However, cells incubated with RES, RES + DETA-NONOate, and L-NMMA showed decreased level of NO compared to DETA-NONOate treatment. Furthermore, TRAMP-C1 cells showed a higher level of NO in culture supernatant compared to TRAMP-C3. These findings suggest that RES can suppress reactive superoxide species such as ROS in the mitochondria and NO in culture supernatant. Data showed three independent experiment (*p < 0.05).
RES modulates expression of Bax and Bcl2
As determined by Western blotting, RES, with or without DETA-NONOate or L-NMMA, modulated the expression of Bax and Bcl2 in TRAMP (TRAMP-C1 and TRAMP-C3) cells (Figure 3(a) ). However, treatment with L-NMMA did not cause a significant change in the expression of Bax or Bcl2 (Figure 3(a) ). Densitometric analysis of the results revealed that, in TRAMP-C3 cells, RES, in the absence and/or presence of DETA-NONOate, showed higher expression of Bax but not Bcl2 (Figure 3(b) ). Furthermore, there was a higher expression of Bax in four of the five groups of treated TRAMP-C3 cells (Figure 3(b) ). In TRAMP-C1 cells, the levels of Bcl2 were higher than Bax (Figure 3(c) ). Higher expression of Bax in TRAMP-C3 cells suggested that TRAMP-C3 cells are more sensitive to apoptosis than TRAMP-C1 cells.
RES modulates expression of caspase-3 and p53
Apoptosis was assessed by examining the expression of caspase-3 and p53. RES, with DETA-NONOate, in TRAMP-C3 cells, caused slight change in caspase-3 expression relative to the control (Figure 3(a) ), while other treatment group(s) in TRAMP-C3 cells did not show a significant difference in caspase-3 expression. TRAMP-C1 cells demonstrated that RES treatment in the presence of both DETA-NONOate and L-NMMA resulted in slight change in caspase-3 as compared to the control (Figure  3(a) ); however, no significant difference was evident in the DETA-NONOate treated group (Figure 3(a) ). Furthermore, the expression of p53 in the TRAMP cells exposed to RES, with or without DETA-NONOate or L-NMMA, was higher relative to the control (Figure 3(a) ). Increased expression of p53 suggested sign of DNA damage and apoptosis.
DNA fragmentation analysis
To confirm, reactive superoxide species-independent apoptosis in TRAMP cells, DNA fragmentation was determined by testing γ-H2A.x expression. RES, with or without DETA-NONOate or L-NMMA, caused higher expression of γ-H2A.x relative to the control (Figure 4 ). RES, alone or in combination with DETA-NONOate, caused high expression of γ-H2A.x in TRAMP (TRAMP-C1 and TRAMP-C3) cells compared to the control (Figure 4 ). TRAMP-C1 and TRAMP-C3 cells demonstrated the same pattern of γ-H2A.x expression when incubated with RES, RES + DETA-NONOate, DETA-NONOate, and RES + L-NMMA ( Figure 4 ). However, DETA-NONOate treatment showed higher expression of γ-H2A.x in TRAMP-C3 cells relative to TRAMP-C1 cells (Figure 4) . In TRAMP-C1, RES and RES + L-NMMA treatment resulted in higher expression of γ-H2A.x than other treatment groups (Figure 4) . These findings suggest that increased expression of γ-H2A.x can be used as an indicator of DNA fragmentation.
RES induces apoptosis
To test RES-induced reactive superoxide species-independent apoptosis of TRAMP cells, cell killing was examined using a flow cytometer. In TRAMP cells, RES, with or without DETA-NONOate or L-NMMA, increased killing as compared to control. The cell killing was found higher when TRAMP cells were incubated with RES, RES + DETA-NONOate, DETA-NONOate, and L-NMMA. RES + DETA-NONOate treatment resulted in higher cell killing in TRAMP-C1 and TRAMP-C3 cells compared to the control cells ( Figure 5(b) ). TRAMP-C3 cells were more susceptible to cell killing than TRAMP-C1 cells ( Figure 5(b) ). In addition, TRAMP cells showed statistically significant differences when compared to their Figure 2 . RES modulates mitochondrial membrane potential (Δψ m ). TRAMP-C1 and TRAMP-C3 cells were exposed to RES, with or without DETA-NONOate or L-NMMA, for 48 h at 37°C under 5% CO 2 ; thereafter, the cells were stained with JC-1 (cationic dye) for 10 min in DPBS and analyzed by a flow cytometry. Results indicated that treatment of RES, with or without DETA-NONOate and L-NMMA, showed increased number of cells with disrupted Δψ m as compared to the control. The number of cells with disrupted Δψ m was higher in TRAMP-C3 than TRAMP-C1 which suggested that TRAMP-C3 cells were more sensitive to death than TRAMP-C1. respective control ( Figure 5(b) ). Our results suggested that TRAMP-C3 cells were more sensitive to RES + DETA-NONOate and DETA-NONOate than TRAMP-C1 cells.
Discussion
In this article, we demonstrated that RES induced reactive superoxide species-independent apoptosis in murine prostate cancer cells by the suppression of reactive superoxide species such as ROS in the mitochondria and NO in culture supernatant when compared to DETA-NONOate treatment and disrupted the Δψm. Further results suggest that RES treatment reduced cell viability, altered the expression of apoptotic markers (Bax and Bcl2), and increased expression of γ-H2A.x (indicative of DNA fragmentation) and p53 (a critical DNA damage response protein). However, there was no appreciable modulation of the caspase-3. Furthermore, RES protects cells, in part, by suppressing superoxide species in the mitochondria and preserves cellular homeostasis. 20, 21, 24, 29 RES can modulate a variety of cellular processes such as mitochondria-associated apoptosis. 47 Our findings demonstrate that DETA-NONOateinduced level of ROS in the mitochondria and NO in culture supernatant can be suppressed by prolonged exposure of RES, which may result in the inhibition of superoxide species-dependent apoptosis. In contrast, studies suggested that RES treatment induced apoptosis in HT-29 human colorectal carcinoma cells through ROS-dependent mitochondrial pathway. 48, 49 However, RES treatment showed suppression of ROS in the mitochondria when combined with DETA-NONOate compared to the DETA-NONOate. Also, NO level was observed to be higher in DETA-NONOate treated group of cells compared to These findings suggest that RES may be a possible therapeutic regimen that can be used as an anti-oxidant agent. Studies demonstrated that superoxide species in mitochondria can cause mitochondrial and endoplasmic dysfunction which further leads to the induction of apoptosis. 37, 50 However, our findings indicate a possible role of RES in superoxide species-independent apoptosis by the suppressing reactive superoxide species such as ROS and NO when compared to DETA-NONOate treatment. In addition, results suggested that cells incubated with DETA-NONOate and RES + DETA-NONOate demonstrated significantly high number of TRAMP-C3 cells with disrupted mitochondria compared to TRAMP-C1. This suggests that TRAMP-C3 cells are more sensitive to undergo mitochondrial dysfunction than TRAMP-C1.
Furthermore, proteins of the Bcl2 family are involved in the control of mitochondria-dependent apoptosis. These proteins, acting upstream to the mitochondria, are proapoptotic (Bax) and anti-apoptotic (Bcl2). The relative ratio of these proteins (Bax/Bcl2) is a determining factor in the induction of apoptosis. 51 Thus, in this study, the expression of Bax and Bcl2 was determined which suggested that their expression was altered relative to their respective controls. It was found that Bax expression was relatively higher in TRAMP-C3 cells than Bcl2 and respective control cells. Enhanced expression of Bax plays a significant role in the induction of apoptosis. 52 Furthermore, p53, a DNA damage response protein and guardian of the cell, plays a crucial role in the induction of apoptosis. Thus, the level of p53 was examined in TRAMP cells (TRAMP-C1 and TRAMP-C3) which was found to be higher in treatment groups relative to the control. This suggests that apoptosis in TRAMP-C1 cells may be associated with the level of p53. High expression of p53 also indicated fragmentation of genomic DNA into low molecular weight DNA fragments. In view of this, our data suggested that DETA-NONOate and RES + L-NMMA treatment increased the expression of γ-H2A.x; however, RES + DETA-NONOate . RES decreases cell viability in TRAMP cells. Cells were exposed to RES, RES + DETA-NONOate, DETA-NONOate, RES + L-NMMA, or L-NMMA for 48 h in 5% CO 2 at 37°C. After incubation, cells were harvested and stained with propidium iodide and annexin V conjugated with FITC for flow cytometric analysis. Our data suggested that RES treatment, with or without DETA-NONOate and L-NMMA, increased cell killing relative to the control. Further analysis revealed that the cell killing was higher in TRAMP-C3 cells compared to TRAMP-C1 cells. This suggests that TRAMP-C3 cells were more sensitive to undergo apoptosis than TRAMP-C1. (a) Representative figure of gating strategies. (b) Average values of cell killing derived from three independent experiments (*p < 0.05). treatment resulted in less expression of this protein compared to the treatment of RES, RES + L-NMMA, and DETA-NONOate. This suggests that γ-H2A.x could be a reliable indicator of DNA fragmentation. Previous studies demonstrated that histone γ-H2A.x, an evolutionarily conserved variant of histone H2A, has been identified as one of the key histones to undergo various post-translational modifications in response to double-stranded DNA breaks, 53, 54 and increased expression of γ-H2A.x can be used to determine DNA fragmentation. 55, 56 The sensitivity of cancer cells to apoptosis induced by anti-cancer agents suggested decreased cell viability and altered cell morphology. 18, 21 Our data suggested that RES treatment, with or without DETA-NONOate and L-NMMA, showed increased cell killing relative to their respective controls. Further analysis revealed that TRAMP-C3 cells are more sensitive to DETA-NONOate and RES + DETA-NONOate than TRAMP-C1.
In summary, RES induces reactive superoxide speciesindependent apoptosis in murine prostate cancer cells by the suppression of reactive superoxide species such as ROS in the mitochondria and NO in culture supernatant when compared to DETA-NONOate treatment and disrupted the Δψm. Further results suggest that RES treatment reduced cell viability, altered the expression of apoptotic markers (Bax and Bcl2), and increased expression of γ-H2A.x (indicative of DNA fragmentation) and p53 (a critical DNA damage response protein). However, there was no appreciable modulation of the caspase-3 expression. These findings suggest that RES possesses the therapeutic potential and can be used against prostate cancer cells.
